Electrically-driven direct current (DC) motors are the core component of conventional robots thanks to the ease of computer control and high torque for their size. However, DC motors are often manually attached and soldered into robotic assemblies, and they are not flexible. For soft robotics, researchers have looked to new, compliant materials that are compatible with 3-D printing or other automated assembly methods. In this work we use a computer-controlled embroidery machine to create flat motor windings in flexible fabrics. We model their electromagnetic fields and present them as linear actuators that move a permanent magnet attached to a cable. The fabrication method puts some constraints on the coil design, which are discussed. However, the planar nature of the embroidered sheets enables the designer to use laminar fabrication methods, such as stacking or layering into parts, during 3-D printing. The soft motor windings produced static holding forces of up to 0.25 N and could lift a 0.3 g mass several cm using direct drive. A 3-D printed mechanical amplifier with two stages was able to quadruple the lifting mass, reducing the travel by a factor of 4. Machine embroidery-installed cables and motor coils could lead to "bolts and nuts free" fabrication of thin, electrically-driven cable actuators.
Introduction
Soft actuators are in demand not only for soft-bodied robots [1, 2] and for human-wearable systems [3] , but in conventional robotics where a flexible actuator can save space, a soft gripper can add a new function to a robot limb [4] , or a new material can cut down on assembly time.
In this work, we develop a flexible, fabric-integrated electromagnetic actuator and demonstrate how to integrate it with cables to transmit forces. Because cable-driven mechanisms offer lightweight yet high-strength actuation, many designs for robotic limb ends have converged on cable-driven actuation [5] . Actuator development efforts split into conventional electromagnetic motors that wind the cable to shorten it, and artificial muscles that pull on cables or even form a segment of the cable themselves. Coiled polymer actuators [6, 7] , liquid crystal elastomers [8] , and shape memory wires are all exciting materials for artificial muscles. These emerging materials integrate well with soft robotics and fabrics [9] . However, most of these systems are thermally driven. They can be controlled by an electronic system, but feedback is generally required to keep the materials at a uniform temperature.
Strong rare-earth magnets have enabled conventional electromagnetic motors to keep pace with newer artificial muscles. While magnets and motor windings are denser than the new polymer actuators, conventional electromagnetic motors offer a high level of control, and for that reason, they have long been used in precision positioning systems including microscope positioning stages, 3-D printers, and more recently thin and flat haptic feedback actuators [10] . By changing the direction or amplitude of a current through a series of wire coils, electromagnetic motors can do "stepping", creating well-defined stopping points for the actuator without resorting to a feedback loop. Such digital control over the actuator position is a good match for the microprocessors in robotic systems, and a situation that is harder to find with continuous actuator materials.
Soft electromagnetic actuators are an active research topic because deformable materials are compatible with soft-bodied robots; if the robot's body needs to bend around a corner or flatten to squeeze under a door, the actuator needs to follow suit. Soft robotics researchers have deconstructed the conventional "voice coil," which is an electromagnet made from a current-carrying wire coil that applies a force to a permanent magnet (or sometimes, to a second coil). They have substituted soft materials for permanent magnets in the form of magnetic powder-filled silicone [11] [12] [13] , made motor housings out of soft silicone to get new types of deformation [12] [13] [14] , and/or replaced the coil wires with intrinsically stretchable liquid metal filled channels [12, 15] . In these examples of soft electromagnetic actuators, an electromagnetic coil pulls a magnet (or another coil) directly along its axis. Applications include vibrotactile motors [12] , diaphragm pumps [11] , steering and propulsion fins [15] , artificial muscle modules that lengthen and shorten [13, 14] , and actuators that pull on soft levers for gripping objects [12] .
In contrast, our actuator passes the magnet along the surface from one coil to another. We increased the actuator's flexibility by making the coil thin and installed it in a soft textile instead of winding it around a rigid spool or printing it on a hard circuit board as in some of the above examples. Although driving this kind of linear actuator is more complex than driving an on-axis electromagnetic actuator, control methods for linear electromagnetic actuators are well developed because of their relevance in valves and other industrial machinery [16, 17] . They are better suited than on-axis actuators to pulling on cables that require a long (>5 mm) travel distance.
Planar fabrication is not the usual method for making motors, but as the printed circuit board and semiconductor industries have shown, it has great advantages in making thin devices that integrate quickly into larger structures by lamination. Electromagnets built on soft planar materials, including fabrics, have been explored in art-focused workshops toward wearable displays [18] and audio speakers [19] . Our group [20] [21] [22] and others are looking at sewing and embroidery machines as members of the rapid prototyping family that can produce thin and soft electronic antennas [23] , sensors, connectors [24] , and the actuators described in this work.
Materials and Methods

Fabrication
Fine copper magnet wire is the building material of electromagnetic motor windings. The wire has an insulating enamel that prevents neighboring coils from shorting out, yet is thin and tough enough to allow dense wire packing. Wire windings create magnetic fields when they carry a current (Figure 1a) . We found that 34-gauge (0.177 mm diameter) enameled copper wire (Remington Industries, Johnsburg, IL, USA) was compatible with a computerized embroidery machine (Brother PE-770, Brother Industries, Ltd., Nagoya, Aichi, Japan) as bobbin thread (Figure 1b ), yet still able to carry currents approaching 1 A without dangerous (>100 • C) heating. Patterns, such as the coils in Figure 1c , were sewn into fabrics, plastic films, and for the experiments discussed in this work, a nonwoven paper-like material (Cut-Away Stabilizer, Sulky of America, Inc., Punta Gorda, FL, USA). Sewing was carried out at 350 stitches per minute, using white polyester embroidery thread to keep the coils in place on the stabilizer.
Where the coil handedness changes from left-handed to right-handed or vice versa, there is a spatial gradient in the magnetic field. A magnet placed on the surface, with its magnetization along the z-direction, will experience the strongest force where the gradient is steepest. It will move toward areas where its magnetic field aligns with the coil field, and away from areas where the magnetic fields are opposed. Coil forces on permanent magnets are the driving principle of conventional direct current (DC) motors, which can work as both rotary and linear actuators. We investigated how to design coils that have steep spatial gradients within the constraints imposed by embroidery. 
Design
Conventional DC motors achieve high torque with hundreds or even thousands of coils. However, an important design consideration from the embroidery machine is that coils need to be thin (<1 mm), and the needle cannot intersect previously installed wire because it will cut the circuit. A simple, single-layer flat spiral embroiders well (Figure 2a ), but its coil number is limited by space-filling. A flattened helix with multiple layers of coils ( Figures 1 and 2b ) can produce stronger fields, but as more coils are added, thickness builds up at the edges. The thickness creates an obstacle for the embroidery foot, puts previously sewn wires in the needle path, and stiffens the structure, interfering with applications that require thin and flexible actuators. We designed a third pattern: a flattened square spiral ( Figure 2c ) that had multiple layers while maintaining uniform thickness with a high fraction of space filling and without stitches (red dots) intersecting previously-installed wire. When designing the square spiral, we considered that the machine's minimum stitch spacing was 0.1 mm. However, the wire diameter is more than 0.1 mm, and because fabrics can stretch, the previously-placed wires can shift because of tension. A larger 0.5-0.6 mm minimum spacing was more reliable for preventing the needle from intersecting previously-installed wire. We wrote a program [25] with user-adjustable parameters to plot a pair of interleaved, alternating space-filling square coil patterns that do not intersect with future needle locations. Its advantage over the area-filling flat spiral is multiple layers (a maximum of four in this design) versus a single layer for more concentrated magnetic flux. To "print" these patterns, we previously wrote a program that took a list of x-y needle coordinates in mm and turned it into a PES (Personal Embroidery System) embroidery file [26] .
Electromagnetic Modeling
The force that the coils exert on permanent magnets depends on not only the current in the coils and the strength of the magnet, but on the shape of the coils. When exposed to the coils' magnetic field, the permanent magnets move in a direction that lowers their potential energy U (Equation (1)):
where m is the magnetic moment of the permanent magnet (A·m −1 ) and B is the magnetic flux density (Wb) from the coil. The force F exerted on the magnet is the negative gradient of the potential energy:
A successful coil pattern will produce strong local gradients in the magnetic field over the length scale of the permanent magnet. To compare the force exerted on the same magnet by different coil patterns, we calculated the magnetic fields for each pattern. Coils were modeled in ANSYS Maxwell (ANSYS Inc., Canonsburg, PA, USA) to find the 3-D shape of the fields ( Figure S1 ). However, faster solutions to the force-vs-coil shape problem were obtained using a custom solver made specifically for our two-dimensional (2-D) geometry. Since the magnetic moment is oriented primarily along the z-direction (Figure 1) , only B z , the z-component of B, needed to be solved for finding the potential energy in Equation (1) . The magnetic flux density B can be obtained from the magnetic vector potential A:
where A is calculated from the current I along path s:
and where r is the distance from the observer's location to the point along the path of integration. In this work, the current distribution comes from the 2-D coil pattern, described by a path s(x',y'), multiplied by the coil current I:
where the magnetic permeability µ 0 = 4π × 10 −7 H/m and the path differential ds can be written as dx x + dy ŷ for the 2-D embroidered coil paths. Since the path is always encoded for embroidery patterns as a sequence of straight line segments, such as those in Figure 2 , the segments can each be parameterized in x', with y' = m i x' + b i , where m i and b i are constants for the ith segment, and where x runs from x i0 to x i1 . The contribution of the ith segment to A is then:
which has both x-and y-components. The exception is the case where a segment runs purely along the y-direction. For these vertical segments, which run from y i0 to y i1 , the contribution of the ith segment to A is:
The total magnetic vector potential A at location (x,y) is obtained by summing over the N embroidered segments:
To find just B z , the z-component of the curl of A is calculated by taking derivatives with respect to the non-primed coordinates in Equations (6) and (7):
Analytic solutions exist for each of the resulting integrals in Equation (9), eliminating numerical integration and making the solver run considerably faster than the general 3-D case. Using the result for B z , the potential energy U is computed using Equation (1) with the magnetic dipole moment oriented alongẑ. Because the permanent magnet samples have different locations with different magnetic fields, the magnet is treated as a grid of point dipoles m, and the total potential energy is:
where x i and y i denote the location of the ith dipole in the magnet.
Potential energy at the centroid of the magnet can be plotted as a landscape to compare different designs (Figure 3) , and the net force on the magnet can calculated using Equation (1) on U: Because the square coil packs more overlapping loops into the same area as the other two designs, it generates a higher maximum magnetic field and higher potential energy for the same magnet.
In the coordinate system of Figure 1a , F x determines how much force the magnet can exert on a cable it is driving, while F y describes sideways forces that determine whether the magnet stays on the path. This analysis ignores the thickness of the magnet, which in our work is typically a thin disc or tile; however, the code includes a z-offset to prevent the denominator in Equations (6) and (7) from becoming 0 when a dipole coincides with a wire location. For example, Equation (6) is modified as follows:
The offset z o represents the thickness of the enamel coating that prevents the magnet from touching the wire surface. It may also be adjusted to account for contributions to U from higher layers in a thicker magnet. The code that calculates the potential energy landscape from a given coil path is available online at Reference [27] .
Driving Circuit
A permanent magnet set on one of the coil patterns in Figure 3 will "fall" downhill on the potential energy diagram, causing it to move along the ribbon. However, when it falls into a low potential energy location where the magnet and coil fields align, it will stop. We switched the current direction through two sets of interleaved coils to keep the potential energy landscape (and therefore the magnet) moving. The second coil was offset by one-half the coil pitch. By switching on the second coil, a potential energy well became a hill. The magnet, suddenly on the positive-x side of the hill, was attracted to the new potential well ahead of it. For each coil, the direction of a 400 mA DC current was independently switched using a computer at frequencies around 5 Hz. With coil resistances of approximately 3 Ω, a commercial motor driver board (Supplementary Information) was used to handle the currents and inductive loads of the coil circuit. Figure 4 shows the interleaved coil pair along with simulation results for the net force along the x-direction during each step of the four-step driving cycle. The embroidered square coil pattern had both sets of coils stitched into the same layer, offset sufficiently to prevent the needle from intersecting the wire. (d) The coil pair was driven in a four-step sequence to create continuous motion along the x-direction. Green lines track the maximum force exerted on a magnet at each of the four steps of the cycle. During any step, a magnet at the maximum-force position will move in the +x-direction until it experiences zero force. In the next step, the old zero-force location is the new maximum force location.
The three designs from Figure 2 were simulated in the interleaved format of Figure 4 . Table 1 lists the calculated maximum x-force on a 12 mm diameter, 3 mm thick disc-shaped NdFeB magnet magnetized along its z-axis, with each coil carrying a current of ±400 mA. The calculations showed that the square coils could produce nearly three times the force of the flat spirals. Table 1 . Simulated x-force from interleaved versions of each of the three designs in Figure 2 .
Design
Wire Length Per Coil (cm) Maximum Force Exerted (mN)
Flat spirals (Figure 2a) 10.2 9.8 Flat helix (Figure 2b) 16.9 17.0 Square coils (Figure 2c) 37.0 26.5
Force Measurements
For testing the holding strength of the potential energy wells, a DC power supply was used to maintain a constant current at levels between 0 and 1 A while forces were applied to the magnet using the method of Figure 5 . Magnets were tested in vertical stacks, and in horizontal chains with alternating magnet orientation. Figure 5 . Force testing. A paper weighing basket (0.1 g) was attached to the magnet using a string and suspended over the edge of the table. While the coils were energized, weights were added to the basket until the magnet began to slip.
Mechanical Amplification
Because cable-driven actuation often requires a high force but only a short travel distance, we investigated a mechanical amplifier using small 3-D printed compound sliders ( Figure 6 ) that trade distance for force. Sliders were attached to the magnets using cotton sewing thread and tape, and were inserted on the table between the actuator and the hanging mass. 
Results
Force Measurements
Force measurements were collected using the DC current method to determine how much force the square coil design in Figure 4b could hold for different magnet configurations at a fixed current (Figure 7a ) and for the five-magnet chain with different amounts of current (Figure 7b ). All magnets were the 12 mm diameter, 3 mm thick NdFeB discs described previously. The model from Section 2.3 produced a maximum force on a single magnet of 26.5 mN (Table 1 and Figure 4d ) when two square coils were interleaved and fed 400 mA. This result was scaled by (864/400) to account for the 864 mA current per coil in Figure 7a , and plotted as a line running through the origin (dashed line on Figure 7a ). Magnet chains showed a linear relationship between chain length N and force (solid blue line on Figure 7a ), while stacking the magnets only increased the force for N = 2. When the five-magnet chain was tested at varying currents (Figure 7b ), the holding force was linear in current and did not extrapolate to the origin when the current was off, instead intercepting at 0.068 N. With currents in the 800-900 mA range for these experiments, surface temperatures of 40 • C were measured. Because high currents could damage the magnet wire, we kept the current below 1 A in the static tests. In the dynamic tests below, current-limiting resistors in series with the coils ensured that the current stayed below 1 A for any length of coil.
Force Amplification
Dynamic tests were carried out using the setup in Figure S2 to produce cyclic motion of the five-magnet chain on the square coil design. Because the cyclic motion system was powered using a Universal Serial Bus (USB) port with a current limit of 500 mA, the tests were conducted with 400 mA per coil instead of the higher currents available from the DC power supply. The force amplifier in Figure 6 was connected with no sliders, one, or two sliders, and weights in 0.18 g increments were added until the magnet chain would no longer move forward. The maximum mass the system could lift is listed in Table 2 . Table 2 . Measured mass that could be lifted by the square coil at 400 mA using a five-magnet chain with the force amplifier. 
Number of Sliders in the Amplifier
Discussion
Results showed that the model could predict the forces exerted by the square coil to within 10%, and suggested some methods for increasing the force. In Figure 7a , magnet stacking did not improve the performance as much as making a flat, low chain because of the rapid drop-off of the magnetic field with height ( Figure S1 ). Thin magnets assembled into a chain naturally when placed in the alternating magnetization pattern because they could form closed magnetic flux loops with their neighbors. These chains had some mechanical flexibility and provided a straightforward way to scale up the force for a given current. Coils on top would double the force, and a parallel track run 180 degrees out of phase could add more force as well as keep the magnet array centered.
The model in Figure 7a overpredicted the force by about 10% at the high end of the range. As the magnet chain got heavier, it exerted more force but was also be subject to more friction force. If the exerted force continued to scale linearly with chain length, the effect cancelled out, so friction was not likely to be the source of the growing discrepancy at larger N. However, these magnets at 12 mm diameter were slightly smaller than the coil pitch of 13 mm, meaning that as the chain grew longer, not every magnet could align perfectly with a potential energy well. In Figure 7b , increasing the current caused the force to grow linearly as predicted by the model. The y-intercept at 0.068 N was likely to have originated from friction, because even when the current was off, a weight like the five-magnet chain (mass m = 13.8 g) took some force to move. The force may be estimated as µmg, where µ is the coefficient of friction (typically 0.5 for metals on plastics [28] ) and g is gravitational acceleration of 9.8 m·s −2 ; the result was 0.0676 N.
The dynamic tests showed that forces could be nearly quadrupled in the two-stage force amplifier, despite friction between the thread and 3-D-printed sliders that were not real pulleys. The system was assembled by hand, which was counter to our goals of an easy to assemble system. However, we have previously demonstrated how an embroidery machine can install fishing-line actuation cables in a 3-D printed part during assembly [29, 30] . Short, local cables, such as the cables running through each slider, are compatible with this method and are rarely considered for designs because they are so labor intensive. With the versatile set of materials that work with embroidery, there is potential for an amplifier, cables, and a motor to be installed in the same thin sheet for placement during 3-D printing. 
